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The peroxisome prolifcrator-activated receptor oc 
(PP/VR«) is a ligand-activated transcription factor and a 
key regulator of lipid homeostasis. Numei ous fatty acids 
and eicosanoids serve as ligands and activators for 
PPARtt. Here we demonstrate that S-hexadecyl-CoA, a 
nonhydrolyzable palmitoyl-CoA analog, antagonizes the 
effects of agonists on PPARcir conformation and function 
in vitro. In electrophoretic mobility shift assays, S-hexa- 
decyl-CoA prevented agonist-induced binding of the 
P PAR**- retinoid X receptor a heterodimer to the acyl- 
CoA oxidase peroxisome proliferatiir response element. 
PPAR« bound specifically to immobilized palmitoyl- 
CoA and Wy 14643, but nut BRL.4965:S, abolished binding. 
S-Hexadecyl-CoA increased in a dose-dopendent and re- 
versible manner the sensitivity of PPARa- to chymotryp- 
sin digestion, and the S-hexadecyl-CoA-induced sensi- 
tivity required a functional PPARa Hgand-binding 
pocket. S-Hexadecyl-CoA prevented ligand-induced in- 
teraction between the co-activator SRC-1 and PPAR« 
but increased recruitment of the nuclear receptor co- 
repressor NCoR. In cells, the concentration of free acyl- 
CoA esters is kept in the low nanomolar range due to the 
buffering effect of high affinity acyl-CoA-binding pro- 
teins, especially the acyl-CoA-bindi ng protein. By using 
PPARik- expressed in Sf21 cells for electrophoretic mo- 
bility shift assays, we demonstrate that S-hexadccyi- 
CoA was able to increase the mobility of tlie PPAlia- 
containing heterodimer even in the presence of a molar 
excess of acyl-CoA-binding protein, mimicking the con- 
ditions found in viuo. 



Members ofthe nuclear receptor supeifamily mediate ligand- 
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dependent transactivation of genes controlhng development, 
differentiation, and homeostasis in response to nutritional, 
metabolic, and hormonal signals (1). The peroxisome prolifera- 
tor-activated receptor a (PPARa,^ NRlCl (2)) belongs to the 
nuclear hormone receptor superfamily (3). Through het- 
erodimeri/cation with the retinoid X receptors (4) (NR2B1-3) 
and binding to DR-1 response elements, PPARa regulates tran- 
scription of several genes encoding enzymes involved in hpid 
metabolism (5, 6). Accordingly, PPARa is predominantly ex- 
pressed in tissues with a high turnover of fatty acids (7). 

Activation of nuclear receptor-mediated transcription in- 
volves an agonist-dependent release of co-repressors and re- 
cruitment of co-activators. Accumulating evidence obtained by 
x-ray crystallograjihy has revealed a significant ligand-depend- 
ent conformational change involving repositioning of the con- 
served AF-2 helix in the ligand-binding domains of nuclear 
receptors (8-1 IJ. This hgand-induced conformational change 
has been demonstrated to be a determining event governing 
interactions with co-activators and co-repressors (see Refs. 12- 
14; reviewed in Ref. 15). The crystal structures of the PPARy 
and PPAR5 ligand-binding domains (16, 17) have revealed an 
overall folding pattern similar to that observed for other nu- 
clear receptor ligand-binding domains (8-11). However, the 
PPAR ligand-binding pocket is substantially larger than those 
of other nuclear receptors, and this may in part explain the 
obsei-ved promi.scuity in terms of ligand binding (.16, 17). The 
interior of the ligand-binding pocket has been suggested to be 
solvent-accessible via a channel between helix 3 and the 
^-sheet. The entrance is lined by polar side chains, and its 
dimension indicates that ligands may enter the cavity without 
affecting the overall structure of the receptor (16-18). Crystal- 
lization of a ternary complex containing the PPARy ligand- 
binding domain, the PPARy agonist BRL49653. and the 



* The abbreviations and trivial names used are: PPAR, peroxisome 
proliferator-activatod receptor; ACBP, acyl-CoA-binding protein; AGO, 
acyl-Co.A oxidase; BRL49653, (±)-5-{l4-l2-methyl-2-Cpyndylomino)- 
cthoxyj phenyl I methyO 2,4-thiazolidinedione; DR-1, direct repeat sepa- 
rated by one nucleotide; EMSA, electrophoretic mobility shift assay; 
GST, glutathione S-iransferase: HNF-4€», hepatocyte nuclear factor-4a; 
NCoR. nuclear receptor co-repressor; PAGE, polyacrylamide gel elec- 
trophoresis: mPPAR. mouse peroxisome proliferator-activaced receptor; 
rPPAR, rat peroxisome proliferator-activated receptor; RXR, retinoid X 
receptoi-; rliXR, rat RXR; PAGE, polyaciylamide gel electrophoresis; 
SRC-1, steroid receptor co-activator-1: TTA, tetradecylthioacctic acid; 
Wyl4643, 4-chioro-6-(2,3-xylidino)-2-pyrimidinylthioacetic acid; PPRE. 
peroxisome proliferator-responsive element; Tricine, N-l2-hydroxy- 
l,l-bis< hydroxymethyUethyllglycinc. 
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lUicU ar ifcepLor-bindiag domain (A' the sien)id receptor ct>- 
at.livMtor- 1 (SKC-1) revt^nlod tliat assojintion boLweon li- 
ganded nuclear receptor.^ and co-activators depends on con- 
fer v(d icsiduos in he'ix and the AF-2 helix forming a charge 
cianjp and liy(.h-oph<)l»ic inirra^.tii)ii.-^ inv.>lviiig- helices 3, 4. an A 
a and the AF-2 hehx i\6>. Ahhoiigh the threo-diniensional 
strut Lure of I'i'ARfv has yei to be reported, it lias been showi^ 
tiiat the C lerininiiH of the ligand-binding domain is essential 
for the ligaiid -induced co-activator inteiaction (19-22). 

A large variety of long-chain fatty acid^^, eicosanoids, and 
synthetic compounds have been shown to serve as l*PARtt 
ligands and activators (17. 2:i-25J. Several natural and .syn- 
thetic PPARo ligands nm activatt^i to ;.he coi-responding" CoA 
esters ^26-28), and tliese have hev.n demonstrated to accimiii- 
late in tissues of treated rats C29. 30). Generally, the formation 
of C«»A osiers has bt-cn considered a process that merely re- 
duces the availability of thti activating PPARo' ligands (31). In 
the present study, we present evidence that acyl-CoA esters 
directly affect PPAUf* cf)n formation and function in a manner 
indicating that acyl-CoA esters may act as PPARa antagonists. 

EXPKR IMENTAL P«OCE DURKS 

IVasmixh — pSC5-mPrAR/c wa.s kindly supplied by J. D. Tugsvood 
(32). The plasinid encoding SRC-1 (pBKCMV-hSRCl) was a kind gill 
from B. W. O'Mallcy (3;J ).' pGKX-. NTCoR-C 2239 -245:'.) for bacterial cs- 
pi i.s.s.oo of ( ;.S'f-NCol^ (;!nnno acids 22-"-!9~24a3 ) was kindly provided by 
M A i.a/..i. .:J4.. I'hismi.l.-^ p'f IJ-.olM'AiiAAi'.. ai li pTLl-mrPARAAlV 
A42f>-4(nS wen; kindly providtid by M. LAiifi (35 >. The following con- 
.sl.niit.< iiavo lit.en de.scribed pr<;viously: rPPARn (p7zf-IM'ARBI% ! :lnd 
rkXKfr (prRXRTTj (4^ 23.), pGli:X-5X-l-niPPAR.*-LBD (amino acids 
lf><;-469)(36>, and pCA4-rRXRtr (37). The plasniid pCA2-inPPAR.r was 
constfucted by .subcloning the muiine PPARir cDNA into the iiainlW 
.SV//I siti' nl'|)f;)A2. vviiich i.s flt-rived from pCA l by (n.-^urlion of th*; C'UPl 
proniotL-r cas.soUe into pRS314 <3.S). The murine i^PARir fra^^mijoi. was 
obtained by polymcraso chain rcactiim from pSl.!5-mPPAR« using 
Ban? HI/Sr//I-ta^g<:d primers. 

..Ligmulit — l.inoleic acid was pui-cha.sod from Sigma-AIdrich. 
Wy 14643 and 9-c/.s-retinoic acid were from Biomol. JJ-Hexadccyl-CoA 
was synthesized as described by Rosondal ct. al. (39), and t<jtradecyl- 
thioacetic acid (TfA) was synthesized as described by Bevgcet al. (40.). 
BRL49n53 was kindly pi ovided by Novo Noivli.sk A/S. . 

S/Z-I Wludv. Cell Ex/ reels — Rat PPAR«r wa.s e.xpressed in Spoi/u/jtet a 
fnigi/icrdfL .Sf21 iosijct c«:I!s as previously described (4). The Sr2l whole 
cfcll liomogenato was pn:pared by disrupting 4 x 10* cells in 2.3 ml of 
buffer (25 m.M KPO,. pM 7.4, .100 m.\i KCI, 1 mw EDTA, 2 mM dithic»- 
crythritol, 1 mil phenyl methylsulfonyl lluoridc, I nig/ml loupopiin, 1 
mg/nd uniipain, L mg/inl pupstaiin, 0.0 1 crypsin inhibittjry units/ml 
aprolinin) with 50 slroki s in an all <,dass Dounce homogenizer. The ionic 
stren«;th was increas(x] by slowly adding 1.2 ml oi 1 .m KCl, aiul the 
homogenate was incubated on icu for 30 inin belbre cenirifugation 
(35,000 rpni, 42 min) in a Bcckman Ti70 roior. Tho supernatan( was 
stored in aliquots in liquid nitrogen. The protein concentration, as 
determined by sixjctrophotometry (41). was 3-4 fLg/ful. 

In Vititi Tratiscription ami Transfatinn — PPARot, RXRa. and SRC-1 
were synthesized in vitro by using the TNT®-coupled transcription/ 
translation system (Promega) with or withoui r''"*S|cystoinc/methionine 
amino acid niixture (ICNj. PPAR and RXR were .synthesized in the 
pre.-st?acf of 0.5- 1.0 /i.M ziiu' act)tai('. 

/•;/« i7/ o////o/-(f//r :Vla/)/Lfy S/ii/i A.^savs — 'fhr D.\'.\ pn)l)0 wa.> prepared 
by annealing H2-base (;air oligonucleoiides covering the I'PAJI/RXR 
binding n\otif in the pHMOoler iif the acyl-CoA o.xitla.'io (A('0) gene (32). 
The prtibe was labeled by fdling in the 3'-rccossive ends with 
lo-="-P|dCTP (10 }lC\. 3000 Ci/mnml: Amer.«-ham Pharmacia P.iotedO 
usiny the Klcnow fragniunt of the Esvherichia coli DNA polymera.se. 
Binding reactions weru perfornujci in ;» total of 25 /j,l containing Sl'21 
extract. 2.4 of p<jly(d l-dO ( Amcrsham Pharmacia Biotech). 25 m.\l 
Hopes, pH 7.6, 40 m.M KCl, 0.1 m.M EDTA, 1 m.M diihiocrythriLol. and 
10% tvA'i glycerol. The reactions were preincubaied for 20 jnin nn ice. 
after which 0.5 ng of probe was added, and thi* reactiitns were incii bated 
for 20 mill at ni(nn tempiirature. Free DNA and DNA-protcin complexes 
were re.«olvod by ehiclmphorc.sis i 12 V/cm, 1.5 h at 4 '"O on a (w/v) 
polyaci-j laniide/bi.sacrylamide gel (30:1.) in a butter containing 50 m.\i 
Trls-IICl, pH S.5, 380 niM glycine, and 2 m.M EDTA. Ligand-induccd 
complex formation assays were performed as described alxjvc. rxcept 



that hi vitn* translated PPAR»v and RXRtr were used instead of SPil 
extract, the total reaction volume was 20 /xl, and reactions contained 
130 m.\i KCl and iS*.'r- (v/v) •(lycerol. Combined electrojiboretic ninbility 
assay (1]MSA) and Western blotting was performed as described previ- 
ously (42) using a polyclooal airinity-purified anti-rPPARor antibody (21). 

Dil'f'rrciitial Hnitciisc ScnsUiuity Assay — 2-^aI aliquoLs oi' thu '•"S-la- 
bt:lc(l, in uifrtf translated protein was incubated for 20 mill at 25 °C in 
a total volume of 8 /xl of binding buffer with the additi<m of liyand or 
vehicle. The final concentrations in the binding bufii^r were 22 mM 
Tris-HCl, pH 8, 75 mM KCl, o% (v/v) glycerol, and 2 fxM dithioerythritol. 
Linoleic acid and 5-hexadecyl-CoA were used in final concentrations of 
120 /xM and 5-15 /xM, respectively. Chynn>trypsin (Roche Molecular 
Biocliemicals) was di.ssolved in 50 m.M NH.,HCO-{. Following incubation. 
2 /xl of chynjotrypsin was added to final concentration.'^ of 0-120 /xg/ml 
or 0-260 ^t«^/ml. The digestions were carried out at 25 °C for 20 min and 
stopped by boiling in Tri.s-Tricine loading bulTcr (0. 1 .M Tris-HCl, pH 6.8, 
24% (v/v) glycerol, 8*.^. (w/v) SDS, 0.2 M dithiothreitol. 0.02':?' (w/v) G-250 
Coomassie Brilliant Blue). The resulting peptide mixtures were .sepa- 
rated by SDS-PAGE and visualized using a Phosphorlmager (Molecular 
Dynamics, Inc., Sunnyvale, OA). 

Pal ni i(oyl'CoA-Aga}x>sc Bead Assay — Wliolc cell extracts of yeast 
(B,J2168) expressing mPPAR(* and/or rRXRtr were prepared as previ- 
ously described (37). Yoast extract (7.5 fxl) was incubated at room 
temperature for 30 min in 42 mM NaCl, 100 mM Tris-HCl, pH 6.7, 4% 
(v/v) glycerol, 1 mM dithioerythritol, 0.2 inM MgClo. 1 mM phenylmcth- 
ylsulfonyl fluoride, and Complete''" protease inhibitor mixture (Roche 
Molecular Biochemicals i with 10 p.1 of palmitoyl-CoA beads (Sigma- 
Aldrich) or 10 ;xl of protein A-beads (Amersham Pharmacia Biotech). 
BRL49()53 was addt-d t<j a final concentration of 1 /xtM, VVy 14643 was 
added to final concentrations of 100 nM to 10 /x.m. and 9-ct.«f-retinoic acid 
.w;js adilcd Lo a final concentration of 10 pL.M. The beads were washed 
twice in 150 ^\ of 40 mM KCl, 100 m.M Tris, pH 6.7, 4% (v/v) glycerol. 1 
niiM dithioerythritol, antl 1 mM phcnylmethyLsulfonyl fluoride in the 
presence of ligand or vehicle. Bound proteins were eluU:d by boiling in 
SDS sample buffer, .separated by SDS-PAGE, and evaluated by immu- 
nol)Iot analysis. The anti-PPARa antibody was raised against the 
mouse PPAR« AB domain and affinity-purified, and anti-RXRor anti- 
body was fiom Santa Cruz Biotechnology, Inc. (Santa Cruz. CA). En- 
hanced chemiluminescence detection was used for visualization. 

PuU-downs — GST fusion proteins were captured on glutathi- 
one-Scpharose beads as described (36). 8 /d of ■^'"'S-labeled in vitt-o 
traiwlaied mPPARa. or SRC-1 was incubated in butter A (50 mM NaCl, 
20 mM Tris-HCl, pH 7.9, 0.1*/r (v/v) Nonidet P-40, 10% (v/v) glycerol, and 
lOfH w/v) cs.s^iitially fatty acid-free milk powder) with 100 /x.m VVy 14643, 
30 )xM TTA, or vehicle. 10 /xl of GST fusion protein on beads was added, 
and intiiraction was allowed to proceed for 2 h at 4 °C. The beads were 
washed throe times in 150 /xl of bulfer A and finally once in 150 /xl of 
bufVor A without milk powder. The bound proteins were eluted by 
boiling in SDS-PAGE sample buffer, resolved by electrophoresis on a 
10% SDS-polyacrylamide gel, and visualized using the Phosphorlm- 
agcr. Quantitation of the content of discrete bands was done using the 
ImageQuant version 5.0 software (Molecular Dynamics). 

RESULTS 

Ligand'induced Binding of PPARcvRXRix to the ACO PPRE 
Is Antctgonized by the Nonhydrolyzable Palmitoyl-CoA Analog 
S-Hexadecyl'CoA — It is a well established fact that a large 
number of fatty acids, eicosanoids. and hypolipidemic drugs 
activate PPARtv-mediated transactivation, and different proto- 
cols have been established to demonstrate that several of these 
activators arc bona fide PPARa ligands (17, 23-25). Ligand- 
induced complex formation assay provides one such simple and 
sensitive method for analyzing the ability of PPAR activators to 
bind to PPAR and induce DNA binding of a PPAR-RXR complex 
to a peroxisome proliferator-responsive element (PPRE) (24). 
We have used this well established assay to examine whether 
S-huxadecyl-CoA, a nonhydrolyzable analog of palmitoyl-CoA 
(39). was able to modulate ligand-induced binding of the 
PPARtrRXR« heterodimer to the ACO PPRE. The concentra- 
tion of S-hexadecyl-CoA used in these experiments was well 
below the critical micelle concentration (43). As a PPARa li- 
gand, we used the fatty acid analog TTA, which has been shown 
to efficiently promote PPARcrRXR«-ACO PPRE complex for- 
mation (24) and to induce PPARa-meditited tran.sactivation. 
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i*'|t.. I. S'-i-lexadecyl-CoA »tiv*;»sihly ancayoni/.es ratt>' acid-iii- 
diu:t;il PPAItM-RXR^r PPKE complex formati an. Ono /.tl n ini\- 
tui eol'/rt ( ///vi Lian.scribixi/t !M lis lii 1.0(1 rPPAR;ran«l rKXK<r(10:K \7v) or 
fkXh'a alone was inciibjited vvit;h a '■^I'-labokd <)ligomicl(M)Litle contain- 
ing tiio PPKIi of the rat AGO pn>nioLer in the pru'SCMico of dill'oi'cnt 
concontratinnH of TTA and .S»-hoxadecyl-CoA as indicated. Tlio free and 
bnunrl PPRf3 wurt! .separated by PA(1E. 

Fig. 1 tiemonsuratci? that the addition of TTA to limiting 
amounts of/// ultra translated PPARa and RXRtr, as reported 
prf^viously (24), induced a considerable increase in the binding 
of the PPARa RXRa heterodimej- to the AGO PPRE probe In an 
electrophoretic mobility shifl assay ' EMSA) CFig. I, lanes 2 and 
3), whereas no binding of Llu» RXRfr hoiiiodimer was observed 
KLtiUi Si. Interestingly, the presence of 5 fxM .S'-hexadecyl-CoA 
abrogated TTA-induced PPARa- RXR«-A CO PPRE complex for- 
mation (Fig. 1, lane 4). Increasing the concentratioii of TTA 
restored PPARcv RXRcrACO PPRE complex formation in the 
presence of S-hoxadecyl-CoA (Fig. 1, lanes 5-7)^ demonstrating 
that the inhibitory effect of 5-hexadecyl-CoA was reversible 
and that compecition between fatty acid and acyl-CoA appears 
to regulate PI*AR«-RXRa-ACO PPRE complex formation. 

PPARfx Binds Palmitnyl-CoA — The ligand-induced complex 
formation a.ssay (lesc:*ibed above indica»,ed that fatty aci»l and 
acyl-CoA mighl compete for binding to PPARa or, alterna- 
tively, that .simLdtaa<.'ous binding of an acyl-CoA esti>r and an 
agonistic ligand to the PPARa*RXRor complex antagonized the 
effect of-tbe PPARa agonist. Due to the hydrophobic character- 
istics and micelle forming capacity of fatty aciils and their CoA 
derivatives, we have been unsuccessful in performing reliable 
simple binding competition experiments between fatty acids 
and acyl-CoAs. To circumvent these problems, we reckoned 
that a possible direct binding of acyl-CoA to PPARa might be 
revealed by specific binding of PPARcr to pahnitoyl-CoA co- 
valently coupled to agarose beads. Since the covalent bond 
between the palmitoyl-CoA and the agaro.se beads joins the 
amino group of the CoA moiety with the agarose matrix, this 
approach, furthermore, circumvented the inhei'ent problem as- 
sociated with assays involving acyl-CoA esters, namely the 
hydrolysis of the labile thiocster bond. This is pai'ticularly 
important in the context ol* competition assays to determine 
ligand binding to PPARs. since hydrolysis of the acyl-CoA 
would generate a fatty acid, which would act as a regular 
agonist and thereby give false Kj values for the binding of 
acyl-CoA esters to the PPARs. In contrast, in a bead-based 
pidl-down assay, hydrolysis of the covalcntly coupled palmi- 
toyl-CoA would release the free fatty acid, and hence, if PPARa 
only interacted with the free fatty acid, no specific retention of 
PPARo would be ohsiirved. 

Recoaihinant full-K«ngth PPARtt- and RXRo were expressed 
in yeast, and uhf)li' cell extracts were prepaied as described 
i;57j. Tlie i.-xliaci.s weie incubated with paleiiloyl-CoA agarose 
beads oi* protein A-agarose beads < control) in thi; absence or 
presence of PPAR-selectivc or RXR-S4rlective ligands. After 
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Fir.. 2. Wyl4643 and acyl-CoA compete for direct binding to 
PPARtf. Inuiiunoblot analy.sis of proteins retiiined on palmitoyl-CoA- 
or protein A-coupled agaro.se beads incubated with whole cell extracts of 
yeast expressing either mPPARcv and rRXRir (A) or rRXRa atone {B^. 
Bound proteins were recovered by boiling in SDS .sample buffer and 
analyzed by imtnunoblotting. For competition, the PPARa-.selcctive 
ligand, Wyi4643, the PPAR-y-selcctive ligand, BRL49653, or the RXR 
ligand, 9-c/.s-retinoic acid, was added to the binding reactions as 
indicat.od. 

washing, bound material was recovered by boiling in SDS sam- 
ple buffer, and PPARa and RXRa were detected by Western 
blotting. Fig. 2A shows that PPARa preferentially was retained 
on the palmitoyl-CoA-agarose beads compared with the protein 
A-agarose beads. The addition of the PPARa-selective ligand 
Wyl4643 prevented PPARa binding to the palmitoyl-CoA 
beads in a dose-dependent manner, whereas the addition of the 
PPARv-selective ligand BRL49653 was without effect on 
PPAR<t bidding. In contrast, no specific interaction between 
RXRm and the palmitoyl-CoA agarose heads was detected irre- 
spective of the presence of PPAR- or RXR-selective ligands ( Fig. 
2B). We conclude that the established PPARa ligand Wy 14643 
and palmitoyl-CoA compete for binding to PPARa. 

S'Hexadecyl'CoA Increases the Sensitivity of PPARa to Chy- 
mntiypsin — Differential protease sensitivity assays have been 
widely used to examine the effect of ligand binding on receptor 
confonnation. We applied this technique to compare the effects 
of a known PPARa ligand, Hnoleic acid, and S-hcxadecyl-CoA 
on PPARa conformation, ^®S-Labeled PPARa or RXRa was 
incubated with S-hexadecyl-CoA, linoleic acid, or vehicle (0.5% 
(v/v) Me.jSO), digested with increasing concentrations of chy- 
mo trypsin for 20 min at 25 "C, and the digesti<m products were 
analyzed by SDS-PAGE. Binding of synthetic agonists to 
PPARa has been shown to decrease the sensitivity to chymo- 
trypsin digestion, resulting in preservation of protease- resis- 
tant fragments (35), In contrast, we found that S-hexadecyl- 
CoA in a dose-dependent manner increased the sensitivity of 
PPARtr to chymotrypsin, as indicated by the rapid disappear- 
ance of the diagnostic 26-kDa protease- resistant fi agment (Fig. 
3A). In comparison, incubation with 15 /lum S-hexadecyl-CoA 
did not influence the sensitivity of RXRa to chymotrypsin, 
indicating that the effect of 5-hexadecyl-CoA was receptor-de- 
pendent (Fig. 3fi). To further corroborate the notion that the 
effects of S-hexadecyi-CoA on P'PARa conformation were re- 
versible and did not result from an irreversible denaturing 
action, the following experiment was performed. The ^"'S-la- 
boled PPARa was incubated for 20 min with either 10 /xm 
5-hexadecyl-CoA or water, and then each niixtui-e received 
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Kii;. ;i 6*-H<ixatiecyl-CoA increases the sensitivity of i*PAittt to 
chymotrypsin digfesti<ni. /// uitro tnin.scri bed/translated ''S-labcIed 
mPP/VRrt (.4) ()!• niRXRn {D) was iacubatcd with increasing concentra- 
tions of S-hexadecyl-CoA or vehicle (water) as indicated for 20 niin. 
followed by digesLion wilh increasing concentrations of chymotrypsin 
for 20 niin^it 2") °C. The di^jcsts were analyzed by SOS-PAGB followed 
by Phosphorlmajfing. 
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Fjg. 5. The PPARor C-terminai region is required for both ag- 
onist- and acyl-CoA-dependent alteration of the sensitivity to 
chymotrypsin digestif>n. In uitro transcnbed/translatcd ''''S-labeled. 
mPPARn truncation mutants mPPAl^wiAB and mPl'ARtrdABA425 
were incubated in the presence of vehicle, 120 /xM linoleic, acid or 10 /xM 
.S-hexadccyl-(JoA for 20 min and then subjected to limited digestion 
with increasing concentiations of chymotrypsin. The digests were ana- 
lyzed by SDS-PAGE followed by Phosphorlmaging. 
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Fic;. 4. Opposing effects of fatty acid and acyl-CoA on the sen- 
sitivity of PPAR« to chymotrypsin digestion. In uitro transcribed/ 
translated ''S-Iabclcd mPPARu was proincu bated with either S-hexa- 
decyl-CoA (10 /am) or vehicle for 20 min. Then each preincubation 
mixture was further incubated for 20 min wiih either linoleic acid (120 
/xAI) or vehicle. The mixtures wen; sulijc-cted to limited digestion with 
chymoiryp.-sin and the digests wcr4: analyzed liy SDS-PACK rolloWkKl by 
Phosphorlmaging. 

either 120 juM linoleic- ncid (<r vehiclu i.O.r/:^^ I\[e.jSOi. Incubation 
was concinuod foi'20 niia, and eacli of tlie four incubations was 
subjectecl to digestion with increa.sing cimounts of" chymotryp- 
sin. Fig. 4 .shovv.s that incubation with linoleic acid as expected 
decreased the sensitivity of PPAHo to chymotrypsin, whereas 
incul)ation with S-hexa(lucyl-(>)A increased the sensitivii.y to 
chymotrypsin. It is noteworthy that the additi»>n ol' linoleic acid 
to PPARtt preinciibated with 5-hexadecyl-CoA partially re- 
stored resistance to chymotrypsin digestion. Thus, .S-hexade- 
cyl-CoA interacted roversibly with PPARa and apjjeared to 
compete with the agonist linoleic acid for binding to PPAl\*o. It 
has previously been shown that deletion of the putative helices 
HlO-12 of the Oterminal region in the PPAR.t ligand-binding 
domain abolishes agonist-iniiuccd prutea.se protection and 
transactivation (35). To examine whether the presence of this 
region was required for S-hexadec\'l-CoA-induced protease sen- 
sitivity, the ti uncate<l forms mPPARfr^lAB and mPPARa-^AB/ 
M25 (35) were digested in the presence of either linoleic acid or 
S-hexadecyl-CoA. mI*PAR«AAB contains the entire Hgand- 
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Fig. 6. S-Hexaidecyl-CoA antagonizes ligand-induced interac- 
tion between PPAR« and SRC-1, but enhances PPAR«-NCoR 
interaction. A, bacicrially expressed GST-PPARtx (hgand binding do- 
main) immobilized on glutathione-Scpharosc was incubated with in 
vitnf transcribed/translated •*'''S-labcled SRC-1 in the presence of vehi- 
cle, Wyl4643. or S-hexadecyl-CoA. B, bacterially expressed GST- 
niNCok (amino acids 2239-2453) immobilized on glutathione- 
Sepliarose was incubated with in uitro transcribed/translated 
'•'^S-hiboIed mPPARtr in the presence of vehicle. Wy 14643, or 
S-hexa<lccyl-CoA. Bound proteins were recovered by boiling in SDS 
sample buffer, separated by SDS-PAGE, and quantified by 
Pho.sphorlmaging. 

i 

binding domain, whereas the putative helices 10-12 are de- 
leted in mPPARQAA13M425 (35). As shown in Fig. 5. in the 
presence of linoleic acid, digestion of mPPARa^XAB was de- 
creased, whereas S-hexadecyl-CoA increased the sensitivity to 
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I'm.. 7. The electro|jlioretic inobiJity of tlto rPPARn'Sf*RXU"I'PRE ct>mplex is increased by S-hexadecyl-CoA as well as by 
S-hexii(lecyl-CoA complexcd with ACBP. Whole cell tixtracts i)f SV'21 telLs ini'ected with an expression vector without (Sfil) or with 
fSr2 It PI'ARir)) the rPPARri cDNA wavv incubated with a "''^P-laheled oligoiiuclet)tide containing the PPRE of tlie rat AGO promoter in the prasence 
»f vehicle (n-5-hoxadccyl-CoA iAi. B, .S'-hcxadecyl-i^^o-V was added as a prcfiirmed complex with ACBI' as indicated. C, combined EMSA and Western 
blottin^r revealing the si. i fled position i>f PPARw in the presence of .5-hcxadccyl-CoA. 



vVe stern 

free PPRF {ACO- >• VWW f'-PPAR:. 
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chyniotrypsin. However, neither linoleic acid nor S-hexadecyl- 
CoA affected tlie sensitivity of mPPAR«AAB/A425 (Fig. 5). 
Thus, it appefirs that helices 10—12 are required for interaction 
of S-hexadecyl-CoA with PPARa as well as for interaction of 
linoloic acid with PPARf.^. 

S-Hexadecyl-CoA Abolis/iea Ligand-itidLued Interaction bn- 
twee/i SRC- 1 and PPARa hut. En hanci^s Interaction ofNCoR 
with. PPARa — Nuclear receptor- media ted transactivaiion is 
controlled by a complex interplay between co-activators and 
CO- repressors. Agonist binding enhances recruitment of co-ac- 
livators. whereas the hnihnark.s ofantagonists are decreased or 
al)oli.^hod interaction with co-activators coi.plod with induced 
or enhanced interaction with co-repressors (44—50). The exper- 
iments presented above indicate that S-hexadecyl-CoA has the 
characteristics of a PPARtv antagonist. To further address this 
possihility. the effects of S-huxadecyl-CoA on the interaction 
between PPARa- and the co-activator SRC-1 or the co-repressor 
NCoR were determined using GST pull-down assays. Fig. 6A 
demonstrates that S-hexadecyl-Co A abolished agonist-induced 
recruitment of SRC-1 to PPARa in a dose-dependent manner 
and even decreased interaction below that obseived with the 
un ligaiuiod I'i'ccptor. In contrast. .S'-he^adt c> l-CtiA t.-nhanced 
almost 3-fold the interaction btitwtfn NCoR and PPAKa. Thus, 
by these criteria, 5-hexadecyl-CoA btjhaves like a PPARrt 
antagonist. 

S-Hexadecyl-CoA Exerts Its Action, on PPARa Even When 
Coniplexed to Its Natural Currier Protein, tlw. Acyl-CoA-binding 
Prott'in — hi tlie cell, the concentrations of fi'ee acyl-CoA esters 
and f atty acids are kept in the low or medium nanomolar range 
by the buffering action of the acyl-CoA-binding protein (ACBP) 
and fatty acid-binding proteins, respectively (for a review, see 
Ref 51). Thus, in order to evaluate the possible biological 
significance of acyl-CoA esters or tor that mattei* fatty acids in 
PPAR-mediated signaling, it is imperative to establish assay 
conditifin.s that mimic or at least approach in vivo conditions. 
These l equirtMiients have only been met partially in one report 
analyzing the interaciion between fatty acids and PPARc*- using 
a fluorescence-based assay (52). Diu'ing our initial EMSA ex- 
pt'ri nu'iit..- u.sin}."; satii:'nting or n(.'ar-|y sar.u rntitig amount s of in. 
vitro tran.slated PPAKct and RXRo. we i\oted that the mobility 
of the PPARfrllXRcrACO PPRE complex in the presence of 
S-hexadeoyl-CoA or TTA-CoA was marginally increased (data 
not shown). Subsequently, we discovered that this effect was 
much more pronounced in whole cell extracts of Sr21 insect 
cells expressing recombinant rat PPARa, suggesting that this 
might form the basis for a highly sensitive assay for 
S-hexadecyl-CoA interaction with PPAlla. No binding was ob- 
served in extract prepared from mock-infected cells (Fig. 7A). 
The increa.se in electrophoretic mobility was not observed using 
niillimolar concentrations of the detergent lauryl-sarcfjsine. 



underscoring the specific action of S-hexadecyl-CoA (results 
not shown). Sf21 cells contain an RXR analog, in this work 
referred to as Sf"RXR" (related to ultraspiracle (NR2B4 (2)) in 
Drosophila (53))» with which PPAR« is able to heterodimerize 
and subsequently bind to the ACO PPRE (4, 54). Accordingly, 
combining in vitro translated PPAR with extract of mock- 
infected cells allowed efficient binding to the ACO PPRE in 
EMSA experiments (results not shown). Using this assay, we 
next asked whether a preformed complex between S-hexadecyl- 
CoA and ACBP was able to modulate the mobility of the 
rPP.^Ra Sf"RXR"-AC() PPRE complex. Fig. IB demonstrates 
that even in the presence of a molar surplus of ACBP, S- 
hexadecyl-CoA was able to increase the mobility of the 
rPPARa-SrRXR"-ACO PPRE complex. By combining EMSA 
with Western blotting (42) we demonstrated that the shifted 
band indeed contained PPARa (Fig. 7C). Using the established 
Kj for binding of long-chain acyl-CoA to ACBP, the concentra- 
tion of free S-hexadecyl-CoA in a solution containing 10 ftM 
S-hexadecyl-CoA and 15 /xM ACBP was calculated as 0.2 nM. 
Thus, using conditions that mimic the in vivo conditions with 
respect to,acyl-CoA availability, S-hexadecyl-CoA imparted 
an increase in the electrophoretic mobility of the 
rPPARa Sf"RXR"-AC() PPRE complex. 

As shown above, the presence of S-hexadecyl-CoA differen- 
tially altered the ability of PPARa to interact with co-activators 
and co-repressors. Formally, it was therefore possible that the 
increased electrophoretic mobility reflected an altered molecu- 
lar mass of the rPPARa-iSf*RXR"-ACO PPRE complex. How- 
ever, a Ferguson analysis (55) revealed that the presence of 10 
S-hexadecyl-CoA, 10 jliM ACBP, or a 10 ACBP plus 10 /xM 
S-hexadecyl-CoA complex did not alter the molecular mass 
of the rPPARa-SrRXR"-ACO PPRE complex (results not 
shown). Thus, the increased electrophoretic mobility of the 
rPPAR«Sf"RXR"ACO PPRE complex in the presence of 
S-hoxadecyl-CoA is not due to an altered molecular mass of the 
bound heterodimer but rather reflects an altered conformation " 
or change in charge of the hetei'odimer. 

DISCUSSION 

In the present work, we present evidence suggesting that 
acyl-CoA esters directly affect the conformation and function of 
PPARa. Using a variety of in vitro approaches, we show that 
the nonhydrolyzahle acyl-CoA analogue, S-hexadecyl-CoA, an- 
tagonizes ligand-induced formation of a PPARa-RXRofACO 
PPRE complex. We were able to demonstrate specific binding of 
PPARft to immobilized palmitoyl-CoA, and furthermore, we 
show that S-hexadecyl-CoA increases the sensitivity of PPARa 
to chymotrypsin dige.stion in a manner that depended on the 
integrity of the ligand-binding pocket. We show that S-hexade- 
cyl-CoA, like well established antagonists for other receptors. 



BEST AVAILABLE COPY 



BEST AVAILABLE CORN 



S-Hexadecyl-CoA Modulates PPARa Function 



21415 



A. Low levels of PPAR/RXR 



Agonists 



Acyl-CoA esters 



B. High levels of PPAR/RXR 



NCoR 
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Agonists 



Acyl-CoA esters 



Fk;. 8. Model of the opposing; effects of truiiscriptional ago- 
nists and acyl-CoA e<5ters on PPAItrr. A, Jigan;ls and acyl-CiiA com- 
pote lor l)indin^ to PPARtt. resnh.ing iti acyr-CoA-dcpcndent suppi-e.s- 
SMui of the lij^and'induted formaiion of a I'PAFvo fPVRXR (/?)-l*PKli: 
ctmiplex. This pb.eiUMtK non i.s olvsetvi.cl wlicn l.lie t:oncenl rat ioti?; of 
PPAKr* and RXR/i- are limitingt. B, when the com-ent;rations of PPARw 
and KXRtt arc high, formation of the PPAR«-RXRfv PPRE complex is 
LiiudToctec! by ligands. The i ranacriptlDiiai activii.y of the DNA-bound 
PPARa-RX[ift complex is rlotermined by the recruit ment of cofactors. 
AcyI-(^oA antagonizes the ligand-enhanccd recruitment of the co-acli- 
vatin' SliC-l bat impartj? an incrciLSiid afrmity for' the co-repressor 
NCoR. Arrotos in tiidy denoic Dk-1 haif-sitcs with the consensus se- 
qm-ni e AGGTCA. 

abolishes ligancl-inducod interaction with a co-nctivator, 
SRC-1, and conversely incroases recruitment of a co-repressor, 
NCf>R. Importantly. \v(^ show thai S'-hi xadocyl-CoA is 2d)ln to 
alTect a PPAR«-containing complex in the presence of a molar 
excess of the natural cellular acy!-CoA carrier, ACBP. These 
ol>servfition.s, Lakeii together with our recent ilnding that 
ACBP and acyl-CoA esters are present in the nuclei of rat 
hepatocytes (56), are conipatihle with the notion that acyl-CoA 
esters also in uivo might be involved in the regulation of PPARrv 
activity. Our results are furthermore supported by recent data 
showing interaction between acyl-CoA esters and PPAR(v and 
PPAR7 in competition binding experiments with the labeled 
synthetic dual agonist, KRP-297 (57). 

Long-chain acyl-CnA esters have been estimated to have a 
van der VVaals volume of not less than 850 A'' (58). This size 
would exclude acyl-CoA esters from the ligand-binding pocket 
ol" most nucleai" recej)toi-s except for the PPARs with ligand- 
binding pockets of —1.300 A'^ (16, 17). I( was recently reported 
that docnsahcxrrenoic ncid is a li^;and for. RXR.v. raising the 
(|uesLion of whether acyl-CoA estiMS might ulso inlluence the 
PPARo'RXRtv heterodimer via RXRir. Ifowever, as mentioned 



above, the size of the ligand-binding pocket of RXRo- is not 
compatible with specific binding of acyl-CoA esters, and accord- 
i>^gly« we detected no alteration in the sensitivity to chymotryp- 
sin digcstioii when RXRa was incubated with S'-hexadecyl- 
CoA. and similarly, we observed no binding of RXRa to 
pal mi toy I -Co A. 

Biocliemical and structural studies have revealed a unifying 
principle determining the interaction of nuclear receptors with 
co-activators and co-repressors involving an at least partially 
overlapping binding site (13-15, 59). The hydrophobic face of 
helical regions in the receptor interacting domains of co-acti- 
vators or co-repressors harboring an UCXhh core motif or a 
related CoRNR motif respectively, interacts with a hydropho- 
bic pocket formed by lielices 3-5 and the AF-2 helix in PPARy 
(13-16. 50). Ligand-dependent positioning of the AF-2 helix 
and differences in the regions flanking the l^XXLL and CoRNR 
motifs are critically involved in the differential interaction of 
co-activators and co-repressors with liganded and unliganded 
nuclear receptoi-s, respectively (13, 15, 59). Interestingly, the 
crystal structure of PPARy shows that the AF-2 helix even in 
the unliganded receptor may fold back against the body of the 
receptor, assuming a conformation similar to the conformation 
stabilized by interactions between the polar head group of 
ligands and the AF-2 helix (16, 18, 60), and as a consequence, 
interaction with co-activators and co-repressors may be less 
stringently regulated by ligands in the PPAR subfamily in 
comparison with other nuclear receptor subfamilies. 

From the analysis of the structure of the estrcjgen receptor 
boujid to agonists or antagonists, it is evident that subtle 
distortions in the placement of the AF-2 helix may have a 
profound effect on the interaction with co-activators or co- 
repressors (10). Our finding that S-hexadecyl-CoA decreases 
interaction with SRC-1 and increases recruitment of NCoR 
indicates that the bulky CoA head influences directly or indi- 
rectly the positioning of the AF-2 helix. Thus, the bulky CoA 
head group of S-he.xadecyl-CoA may prevent the AF-2 helix 
from folding back, forcing the AF-2 helix to adopt an extended 
conformatibn contrasting with the unliganded conformation 
that allows the AF-2 helix to fold back. The increased sensi- 
tivity of PPARor to chymotrypsin digestion upon binding of 
S-hexadecyl-CoA is also indicative of a less compact 
con formation. 

Examination of the crystal structure of PPARy and PPAR6 
(16, 17) led to the suggestion" that ligands might enter the 
ligand-binding pocket via a channel between helix 3 and the 
^-sheet. In addition^ the crystal structure of liganded PPARy 
and PPARS revealed prominent interactions between the polar 
head groufj of the ilifTerent agonists and the AF -2 helix (16— 18). 
In contrast, co-crystallization of the partial agonist GW0072 
with the ligand-binding domain of PPARy revealed a mode of 
binding in which the carboxylic group of GW0072 was oriented 
toward the loop region between helices 2' and 3 with no con- 
tacts to the AF-2 helix (61). In this context, it is intriguing that 
we observe specific binding of PPARt^ to palmitoyl-CoA immo- 
bilized via the CoA head group. If the palm itoyl -CoA entered 
the ligand-binding pocket via the channel between helix 3 and 
the j3-sheet, this suggests that the orientation of palmitoyl-CoA 
mimicked that of G\V0072. Alternatively, positioning of the 
palmitoyl-CoA molecule with the acyl chain in the characteris- 
tic tail-down configuration would imply that the acyl-CoA li- 
gand entered the ligand-binding pocket via the AF-2 side. In- 
teraction of PPAR« with immobilized PPARa agonists would 
clearly be of interest to examine this possibility. 

Si'vc ral genes are transcriptionally regulated by antagonis- 
tic (.ross-tulk between PPAR and HNF-4a through a shared 
DNA binding motif (62-64). It is well established that PPARa 
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is nctivMit'd I>y polyun-iatin'atcx! Tatty ncids '23, 24 i. am! rr- 
cenily inyrist«>yi-CoA and palniiLoyl-CoA were reported U) bind 
to HNF-4(v and activate HNF-4<i-mediatc:d transactivatioii, 
wherea.s m-^ and polyunsaiuraied a*;yl-('oA esters and sto- 
antyl-CoA wui'c shown lo autagonr/.e HNK-4(.r-me(liaiod trans- 
activalion (65). Based on this (hiding, il was proposed thau the 
ratio of fatty acids to aoyl-CoA cstiiis and tho conipositiori of 
acyl-CoA estci's might r'cgiilati.' cross-talk bctw een PPAlla and 
HNF-4a ((i5). itowcver, it sht^uld be noted that recent data 
based (jn iin)ieciilar modeUag of HNF-4a and protease protec- 
tion oxj)eriments have questioned the role oi'acyl-CoA esters in 
the regidation of HNF-4tv activity (58). Tlius, it remains to be 
estahiished cnnclusively vvliether HNF- Icy is a target for acyl- 
CoA-dependent regulation. If .so, oin* findings add another level 
to the interplay between PPARa and HNF-4a, indicating that 
acyl-CoA esters, apart from activating HNF-4<*r, down-regulate 
PPARo-mediatcd transactivation via dii'ect binding to PPARo, 
:.;i|>:.; i ng ii cuiiiunnaliu.i \Am.i i t ch;cus cu-acLivalui' 
iniijj ;iciiini ;irui enluoices rtrcruiinionL ot* co-repressots O'ig. ti'- 
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